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Abstract: Over the last five years, relaying or multihop techniques
have been intensively researched as means for potentially improv-
ing link performance of wireless networks. However, the data rates
of relays are often limited because they cannot transmit and re-
ceive on the same frequency simultaneously. This limitation has
come to the attention of researchers, and recently a number of re-
lay techniques have been proposed specifically to improve the data
efficiency of relaying protocols. This paper surveys transmission
protocols that employ first single relays, then multiple relays and
finally multiple antenna relays. A common feature of these tech-
niques is that novel signal processing techniques are required in the
relay network to support increased data rates. This paper presents
results and discussion that highlight the advantages of these ap-
proaches.

Index Terms: Cooperative communications, diversity-multiplexing
tradeoff, multiple input multiple output (MIMO), multiplexing
gain, relaying, signal processing techniques, transmission proto-
cols.

I. INTRODUCTION

In recent years, cooperative diversity protocols (e.g., [1]–[5])
have been developed to improve link performance in wireless
networks, where terminals assist each other by relaying trans-
missions. A simple cooperative network typically involves one
source, one destination and one or more relay terminals which
aid the source in communicating to the destination. However,
one key limitation is the half-duplex constraint which arises be-
cause wireless relay terminals are not able to receive and trans-
mit simultaneously at the same radio frequency. Thus, many
protocols use two time (or frequency) slots to allow the source
and then the relay to transmit their signals. In Rayleigh fading
environments, these protocols can provide diversity gain to re-
duce the probability of deep fades and hence to improve link
reliability [2], [4], [5]. However, when compared with direct
transmission, relaying will become less spectrally efficient for
high signal to noise ratio (SNR) values due to its inefficient use
of two time slots to transmit one packet.

In this paper, we argue that this bandwidth inefficiency needs
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to be overcome in order to allow relaying techniques to be use-
fully employed over a wider range of operating SNRs. We begin
in Section II by reviewing the conventional relaying protocol de-
scribed above and highlight its limitations at high SNRs. A sim-
ple approach to try to minimize the half-duplex impairment is
through the use of feedback from the destination. If the destina-
tion decodes the source transmission in the first time slot, it can
send an acknowledgement (ACK) packet to the relay and source
terminals. This knowledge can be used by the relay to avoid re-
transmitting the received data in the second time slot. Instead,
the source can continue to transmit new information in that
time slot, improving the communication data rate. One potential
drawback of this scheme is that the throughput improvement of
this scheme depends critically on the relative channel quality of
the respective source-destination and source-relay(s)/relay(s)-
destination links. If the source-destination SNR is much poorer
than for the relay links, then the relay transmission in time slot
two will be required most of the time.

This paper will focus on how signal processing techniques
can be used to improve the data transport efficiency of conven-
tional relaying protocols. A key idea is to make the throughput
gains as robust as possible to variations in channel conditions
on the links between source, relay and destination. The first ap-
proach to this problem is described in Section III of the paper
and involves the use of non-orthogonal relaying protocols pro-
posed in [3], which permit the source to transmit in the same
time slots as the relay. This creates interference between the
transmitters, but with the application of signal processing tech-
niques to tackle the interference at the receiver, the overall ef-
ficiency of the source-destination link can be increased. If the
relay decodes the source signal before transmitting, it can use a
dynamic form of this protocol [6] where it is permitted to start
retransmitting without necessarily needing to wait for the sec-
ond time slot to begin.

An alternative way to improve link throughput is through the
use of multiple antennas, either located at one terminal, or dis-
tributed across multiple nodes as described in Section IV. The
concurrent relaying approach [7], [8] uses two relays to over-
come the half-duplex limitations in relaying. The idea is that at
any time one relay receives information from the source while
the other relay is transmitting to the destination. Extra signal
processing is needed at both the relay and the destination to
tackle interference. However, this approach provides the diver-
sity gain benefits of the conventional protocols, while avoid-
ing the associated rate loss at high SNRs. Some authors have
also considered how relaying techniques can be used with termi-
nals using multiple antennas, as discussed in Section V. In this
case, multiple input multiple output (MIMO) links are formed
between each pair of terminals. An interesting new relaying ap-
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proach known as filter-and-forward has been proposed to mini-
mize the relay complexity in this scenario. This paper will dis-
cuss the major protocols that have been described in Section VI
and finally present conclusions in Section VII.

II. RELAY SYSTEM MODEL

In this section we will define the basic relaying setup that will
be discussed throughout the paper. The conventional relay sys-
tem model assumes the presence of one source (S), one relay
(R), and one destination (D). When the source transmits, the
network can exploit the fact that the transmission is overheard
both by the relay and the destination. The most widely studied
transmission protocol [1], [2] can be described as follows: for
the first time slot, the source broadcasts the message to both the
relay and the destination as shown in Fig. 1(a); the relay then for-
wards its received signals to the destination in the second time
slot to assist the destination to decode, as shown in Fig. 1(b). We
term these protocols as “conventional protocol” and they may be
used in ad hoc networks or as part of a cellular network using
either fixed relays or mobile terminals.

A. Amplify or Decode at the Relay

Most work in this area considers one of two main ways for
the relay to process its signal. In amplify-and-forward (AF) re-
laying, the relay simply demodulates its received signal to base-
band, records and then amplifies and retransmits this signal at a
later time, as shown in Fig. 1(c). The advantage of this approach
is that minimal signal processing is required at the relay for the
message to be conveyed to the destination. However, this ap-
proach will not remove the effects of receiver noise and interfer-
ence from the retransmitted signal. In decode-and-forward (DF)
relaying, the relay completely decodes the data from the source
to recover the original source message. This data can then be
reencoded and sent to the destination as shown in Fig. 1(d).
This arrangement has the advantage that receiver noise can be
removed from the signal if it is decoded correctly. However,
the clear disadvantage of DF relaying is the higher processing
complexity that is required of the relay terminal. Some hybrid
schemes have been proposed including decode-amplify-forward
(DAF) [9]. This scheme uses DF when the source-relay link
SNR is sufficiently good for the relay to decode the source mes-
sage without errors. Otherwise AF is used to forward informa-
tion to the destination. Such hybrid schemes can improve per-
formance over using only DF or AF in isolation, but increase
the complexity of relay processing.

B. Diversity Performance of Relays

Using either AF or DF relaying, the relay can convey its re-
ceived signal to the destination. The destination can then com-
bine both the signal it received from the source and that received
from the relay to estimate the transmitted data. As these signals
are received over two independent channels, the destination can
exploit diversity to improve performance in the presence of mul-
tipath propagation from transmitter to receiver. With multipath,
there is a significant possibility of destructive addition of signals
propagating along these paths, leading to very low levels of re-
ceived power at the receiver. This effect is called fading and can

(a)

(b)

(c)

(d)

Fig. 1. (a) Source S transmits to the relay R and destination D in time
slot 1 of the conventional relay protocol, (b) relay R transmits to the
destination D in time slot 2, (c) block diagram of an AF relay with
amplifier gain G, and (d) block diagram of a DF relay.

lead to bursts of packet errors when it occurs. In the presence of
two independent channels, i.e., S-D and S-R-D, the likelihood
of both being simultaneously in a deep fade is much less than
for the S-D path alone.

In addition to diversity gain, relay protocols can also provide
significant link gain when the relay is located between the source
and destination. The S-R and R-D links experience much lower
attenuation than the S-D link so that relaying can also be used
to extend the coverage of wireless networks. However, relays
cannot be usefully exploited in all SNR conditions because of
the half-duplex nature of relays. As the SNR increases and fad-
ing conditions become less severe, relay links become limited
by the requirement for two time slots to forward information.
Ultimately, the SNR of the direct S-D link can become so high
that there is no advantage in using relaying. Instead the two re-
laying time slots are better used to to send two data packets on
the direct link without the assistance of the relay. We will refer
to this limitation as the multiplexing loss of conventional relay
protocols at high SNR values.

As shown in [10] there is a trade-off between diversity
and multiplexing in relay networks. That paper considers full-
duplex relay systems where relays can receive and transmit si-
multaneously. Even in this case, however, at infinite SNRs full-
duplex relay networks cannot outperform the direct link in terms
of multiplexing efficiency. This result provides some idea of the
potential gains that we can seek to obtain through the protocols
described here. Before moving on to investigate techniques that
exploit signal processing to improve performance, we start by
discussing simple techniques that use ACK-based feedback sig-
nals from the destination.
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C. Incremental Relaying and ARQ-Protocols

Perhaps the simplest modification to the conventional proto-
col is to exploit ACK packets that are typically sent from the
destination to the transmitter to indicate the success or failure
of packet decoding. In the conventional protocol, if the desti-
nation is able to decode its received packet after the first of the
two time slots, Fig. 1(a), it can transmit an ACK packet on the
backwards channel to the relay and the source. This allows the
relay to avoid transmitting data in the second slot in favour of
the source transmitting an additional data packet, as shown in
Fig. 1(a). If the source does not decode the signal, a negative
ACK (NACK) is transmitted by the destination, so that the relay
will forward its signal to the destination in the second time slot,
Fig. 1(b).

The first protocol to exploit such feedback was presented
in [2] and was called incremental relaying. It was combined
with AF relaying techniques to ensure that the relay can always
transmit its signal in the event that the destination transmits a
NACK packet. The probability with which the destination can
decode the signal will dictate the achievable throughput. The
higher the probability, the less frequently relay operation is re-
quired and the higher the overall data throughput from source
to destination. Thus throughput depends critically on the qual-
ity of the source-destination link and on the ability of the relay
to aid the destination in decoding its signal. More recent work
has proposed the use of hybrid automatic repeat request (ARQ)
transmissions from both the source and relay terminals to aid
the destination in decoding the source signal [11]. Hybrid ARQ
involves the use of different data encoders to those used by the
source to transmit additional information to help the destination
decode the source information.

As noted in the introduction, the gain in throughput by using
ACK/NACK feedback depends strongly on the relative SNRs of
the source-destination and the relay links. If the relay provides
a much more reliable link than the direct source-destination link
for the required data rate, then feedback will not provide much
improvement in throughput. Any gain in throughput can be ex-
ploited in ad hoc peer-to-peer networks, in which the spectrum
resources are managed in a decentralized fashion. If the trans-
mission of the ACK packet avoids the relay retransmitting the
source data in the second time slot, then that time slot can be
used directly by the source to transmit new data, increasing the
spectral efficiency of that link. However, it may be more diffi-
cult to use this approach in cellular wireless networks, where the
network has to allocate frequency resources to source and relay
terminals. In this case, the network may allocate some of its
bandwidth resource to source transmissions and the remainder
to relay transmissions. In particular, for the downlink (base-to-
terminal link), it is important to avoid interference from high
power base station transmissions to lower power relay transmis-
sions [12]. In this scenario, if the relay does not transmit, the
base station cannot reuse the relay’s time slot to transmit new
data. However, the fact that the relay does not transmit will re-
duce interference to other relay links operating nearby.

We will now move on to discuss alternative approaches to
ACK/NACK feedback, which rely instead on signal process-
ing techniques at relays or destinations to mitigate interference.
This approaches have already been described briefly in the In-

troduction, but will now be discussed in more detail. We begin
our discussion of efficient relaying protocols by studying non-
orthogonal relay protocols and in particular the non-orthogonal
amplify-and-forward (NAF) method.

III. IMPROVING MULTIPLEXING GAIN IN SINGLE
RELAY NETWORKS

In this section, we present some cooperative techniques that
overcome the multiplexing loss of the half-duplex constraint and
improve system performance for the case of one relay. The sys-
tem model considered here follows that of Section II. In con-
trast with previous work, e.g., [1]–[3], which assumed that the
channel gains do not change during the transmission of a coop-
eration frame (i.e., two data slots) here we suppose a classical
quasi-static channel which remains constant during the trans-
mission of one time slot but changes independently from one
time slot to another. This system assumption corresponds to rel-
ative motion between the source, relay and destination over the
communication interval. Furthermore, although the presented
approaches are based here on the AF cooperative policy in order
to reduce relay complexity, they can also be applied with some
modification to DF schemes. The dynamic DF (DDF) protocol
in [6] operates such that the relay is allowed to start transmitting
to the destination as soon as it has decoded the source signal.
However, the relay needs to encode its waveform in a different
way from the source in to allow the destination to decode both
S and R signals efficiently.

A. Non-Orthogonal AF (NAF) Protocol

The NAF protocol was proposed by Nabar et. al. [3] and has
been proved to be the optimal AF scheme for a half-duplex
single-relay channel by Azarian et. al. [6] in terms of providing
the best tradeoff between diversity gain and multiplexing gain.
It is an optimization of the conventional AF protocol, termed or-
thogonal AF (OAF) in [2] in which two time slots separate the
source and the relay transmissions. More specifically, in order
to overcome the data rate loss arising from the inactivity of the
source during the cooperative channel in OAF, the NAF proto-
col allows the source to be active during the relaying transmis-
sion. Its superiority comes from the fact that the source keeps
transmitting new data (x(t)) while the relay forwards previously
“overheard” data (x(t − 1)) with x(t) �= x(t − 1). The destina-
tion experiences inter-symbol interference due to the simultane-
ous transmission of both x(t) and x(t − 1).

The optimal method to decode this interference signal is max-
imum likelihood (ML) decoding [3], [8]. It compares all possi-
ble noise free received signals with the actual noisy one to find
the most likely transmit signals. Unfortunately, the complexity
of ML increases rapidly with the number of transmitters and
the digital constellation size. A simpler suboptimal alternative
is successive interference cancellation (SIC), which decodes the
interfering signals in turn [8]. Once a particular signal has been
decoded, it may be cancelled or subtracted out from the received
signal to remove its effect on the receiver. The detection or-
der is often chosen to detect the signal with maximum SNR at
each stage, in order to avoid decision errors that will cause in-
creased levels of interference. Compared to OAF, the required
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signal processing at the destination has clearly increased. The
NAF protocol improves multiplexing gain as the source con-
tinuously transmits new data to the destination. However, for
a single-relay setting, it provides relaying for half of the time
and therefore data are not always “protected” by diversity. The
NAF protocol can also be generalized to the case when multiple
relays are available, as explained in [6], [13].

B. Block-Fading Non-Orthogonal AF (BFNAF)

The protocol proposed here is similar to the classical NAF
except that the source retransmits the same packet during the
cooperative slot in [14]. The principal motivation behind this
protocol is to add S and R transmissions coherently at the re-
ceiver in the second slot to improve received signal power. The
physical link between the source and the destination changes
between the two time slots of the protocol due to the slot-based
block-fading nature of the channel. The source retransmission
of the same data via another independent channel can also im-
prove the system reliability compared to direct transmission. As
we will show in the following discussion, this new NAF behav-
ior is interesting for low data rates where the diversity gain is
more important than the multiplexing-gain. Using the previous
formulation of the conventional NAF scheme, the BFNAF pro-
tocol is characterized by the property x(t) = x(t−1) for the tth
cooperative frame.

This choice of waveform for x(t) means that the BFNAF
technique can yield low-complexity implementations. This is in
contrast to other NAF-based protocols which require advanced
signal processing techniques at both relay and destination [6],
[13]. We assume that the required signal processing is limited to
a simple cophasing operation of the simultaneous transmissions
(S→D, R→D) to allow constructive addition of signal power
at the receiver [11]. This means that the two time slot signals
can be combined using maximal ratio combining followed by
standard demodulation procedures at the receiver [14]. Fig. 2
schematically presents the transmission structure of the consid-
ered AF protocols.

B.1 Optimal Power Allocation for NAF Protocols

A basic problem introduced by the above NAF schemes is
how to select transmit power levels in the network. If we as-
sume that the total transmit power in the network is fixed, in
order to avoid excessive interference to other nodes, one can de-
termine how it should be distributed among the source and relay
transmissions to optimize performance. In the studies described
in [14]–[16] the optimization criterion is the outage probabil-
ity which is the likelihood that the system cannot deliver data
at a given rate without errors. In order to avoid excessive sig-
nalling of channel values between the nodes, the optimization
depends only on the average channel statistics. Given the com-
plexity of analyzing the NAF and BFNAF protocols, simplified
bounds have been been used in [14] to determine the optimal
power values. The proposed bounds suppose the two simulta-
neous transmissions of the second slot are orthogonal (i.e., dif-
ferent frequencies or spread spectrum codes). This assumption
exploits all the diversity degrees of the channel model and effi-
ciently approximates the optimal power allocation without com-
plicated computations.

Fig. 2. The transmission structure of the considered AF protocols: OAF,
NAF, and BFNAF.

B.2 The ARQ Case

The above AF protocols straightforwardly can be extended
for the case of an ARQ scheme as discussed above in Section II.
In this case cooperation is used only when the direct link is not
able to deliver correctly the data at the destination [17], [18].
The switching criterion between the two modes of the protocol
(direct or cooperative) is the instantaneous quality of the direct
link and more specifically its outage behavior. When the direct
link is “good,” which in terms of outage translates to an instan-
taneous capacity higher than the required spectral efficiency, the
information can be transmitted directly to the destination and
thus the selected mode is the direct non-cooperation transmis-
sion. On the other hand, in the case that the instantaneous direct
link is characterized as “bad,” which means a capacity lower
than the required rate, the selected mode is cooperative (OAF,
NAF, and BFNAF).

C. Numerical Results

In this section, we illustrate the performance of the above
protocols by means of Monte-Carlo simulations. By default,
we consider a three-node symmetric network, where all the
channels coefficients are independent and identically-distributed
(i.i.d.) Rayleigh random variables with unit variances. The se-
lected performance metric is the outage probability for a given
information rate R0 measured in bits per channel use (BPCU).

In Fig. 3, we compare direct transmission, OAF, NAF, and
BFNAF using the optimal power allocation policy described
above for two data rate values. Fig. 3(a) shows results for a low
desired data rate R0 = 1 BPCU and Fig. 3(b) is for a higher rate
R0 = 4 BPCU. The numbers in brackets represent the normal-
ized power allocation for source transmissions in the two time
slots, then the relay transmission. As can be seen, the NAF pro-
tocols significantly outperform the conventional OAF scheme.
The multiplexing loss of the OAF scheme results in poor per-
formance for both cases. Finally, the most important observa-
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(a) (b)
Fig. 3. Outage probabilities for conventional protocols; non-cooperative, OAF, NAF, and BFNAF with optimal power allocation. The considered

information rates are (a) 1 and (b) 4 BPCU; the brackets include the power allocation for the links {S → D (slot-1), R → D, S → D (slot-2)},
respectively (normalization to unity).

tion is the comparison between the two NAF-based schemes.
As we can see, the BFNAF protocol outperforms NAF at low
spectral efficiencies (1 BPCU) but is outperformed by NAF at
higher spectral efficiencies (4 BPCU). For example at 10−3 out-
age probability, the gain of BFNAF is equal to 1 dB for R0 = 1
BPCU, while for R0 = 4 BPCU, the gain of NAF is 3 dB. This
result shows that maximizing signal power via the proposed BF-
NAF scheme is useful for low data rates where diversity gain is
more important than the multiplexing gain available from NAF.
The importance of multiplexing gain in NAF is visible for higher
data rates. The performance improvement for NAF over BFNAF
will translate directly into higher link capacity results for the
NAF protocol. This observation led to a hybrid protocol in [14]
that switches between NAF and BFNAF depending on the data
rate.

Fig. 4 compares the ARQ version of the considered NAF-
based schemes for a spectral efficiency equals to 1 BPCU. The
performance of the non-cooperative scheme and OAF are given
as references curves. In order to make a fair comparison, we
note that an optimal power allocation is considered for all the
schemes. First of all, we see the hybrid protocols overcome the
problem that conventional protocols have in low SNRs. Due to
the selected activation of the cooperative mode, the cooperative
schemes are never outperformed by the non-cooperative case.
Moreover, this selected activation improves the performance in
comparison with the non-adaptive schemes (Fig. 3(a)). The hy-
brid version of the cooperative protocols provides the expected
gains at low SNRs but also improves the performance in the high
SNR regime.

IV. MULTIPLE SOURCE MULTIPLE RELAY
PROTOCOLS

In this section, we will discuss spectrally efficient concurrent
relay protocols in which multiple terminals are assisted by mul-
tiple relays to communicate to the destination.

A. Concurrent DF Relaying

The NAF protocol cannot easily be extended to DF relays as
the diversity gain of the network is not improved in this case
[19]. Instead, one may consider how multiple relays could be
exploited to improve performance. In some papers, multiple re-
lays are used to improve only diversity gain over single-relay
systems. For orthogonal DF schemes, a higher diversity gain is
accompanied by a even lower multiplexing gain [1]. This prob-
lem can be partly solved by requiring all the relays to utilize
distributed space-time codes to transmit simultaneously [1] or
using only the best relay to transmit during the second time slot
[20], [21]. However, the half-duplex constraint still limits per-
formance in these schemes.

Instead, for multiple-relay scenarios, the concept of succes-
sive relaying (independently proposed by [7], [8], and [13] in
different contexts) is an effective approach to improving multi-
plexing gain over that of conventional protocols. The basic idea
behind successive relaying is that two (or more) relays take turns
helping the source so that the degrees of the freedom of the
channel are efficiently used. For DF relaying, the single-source
network studied in [8] is further extended to a multiple-source
network in [22] (where it is termed concurrent DF relaying).

For example, the concurrent DF relaying protocol considers a
five-node network with two sources S1 and S2, two half-duplex
DF relays R1 and R2, and one common destination D, as dis-
played in Fig. 5. The transmitted messages from each source
are divided into different frames, each containing L independent
codewords.

For conventional time division multiple access (TDMA) di-
rect source-destination transmission, the L codewords from
each of the two sources are transmitted to the destination using
2L time slots, while for the conventional protocol with one relay
[2], the transmission process must use 4L time slots due to the
half-duplex operation of the relay. For concurrent DF relaying,
one source and one relay are both allowed to transmit simultane-
ously. In the first time slot, Fig. 5(a), only S1 transmits to R1. At
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Fig. 4. Outage probabilities for ARQ-based protocols; non-cooperative,
OAF, NAF, and BFNAF with optimal power allocation. The considered
information rate is 1 BPCU; the brackets include the power allocation
for the links {S → D (slot-1), R → D, S → D (slot-2)}, respectively
(normalization to unity).

any later time, when S2 transmits, R1 sends its received message
from S1, Fig. 5(b). This pattern alternates with S1 transmitting
simultaneously with R2, Fig. 5(c). Finally, the transmission is
completed by R2 sending its final transmission, Fig. 5(d).

The major issue with concurrent DF relaying is the interfer-
ence generated among relays when one relay is listening to its
associated source, while the other relay is forwarding its source
message to the destination. To suppress the interference, a sim-
ple decoding criterion is considered for each relay: If the inter-
ference between relays is stronger than the desired signal, the
relay decodes the interference signal and subtracts it from the
received signal before decoding the desired signal. Otherwise,
the relay decodes the desired signal directly while treating the
interference as additional noise.

Assuming that relays can always successfully decode their
source messages, concurrent DF relaying mimics a 2L user
multiple access MIMO channel except that the dimensions of
signals are expanded in the time domain rather than space
domain. Signal processing techniques for conventional point-
to-point MIMO systems such as ML or SIC can thus be used
directly. Since 2L codewords are transmitted to the destination
using only 2L+1 time slots, rather than 4L for the conventional
protocol, the multiplexing gain performance of the system is sig-
nificantly improved. Furthermore, when the frame length L is
large, the multiplexing gain performance approaches that of the
full-duplex relay bound of [10], which is the same as TDMA
direct transmission. On the other hand, concurrent DF relay-
ing also obtains diversity gain improvement over TDMA direct
transmission because the destination receives duplicates of the
source codewords from both direct and relay links. As in Sec-
tion III and following the idea described in [23], this scheme can
be simply combined with ACK/NACK feedback, by stopping
the transmission protocol shown in Fig. 5 as soon as the des-
tination decodes the transmitted signals and transmits an ACK
packet. The sources are then free to start transmitting new data

Fig. 5. Operation of the concurrent DF protoocl: (a) S1 transmits in time
slot 1, (b) S2 and R1 transmit in time slot i, (c) S1 and R2 transmit in
time slot (i + 1), and (d) R2 transmits in the final time slot (number
2L + 1).

sequences. A similar approach has been analysed in [24], which
shows that selecting relays to transmit/not transmit based on the
channel conditions does not affect the overall diversity order of
data detection at the destination. The use of different encoders
at the relay compared to the source as in hybrid ARQ [19] may
even permit relay networks to achieve similar capacity gains to
MIMO systems, as described in [25], [32]. Therefore, compared
with the conventional protocol, concurrent DF relaying makes
relaying more beneficial.

Fig. 6 shows comparisons of direct transmission, the conven-
tional DF protocol and the concurrent relaying protocol in terms
of outage probability. Fig. 6(a) of the figure shows results for
data rate R0 = 1 BPCU, and it shows that at this data rate the
relaying protocols significantly outperform direct transmission.
The results also show the performance advantages of the con-
current DF relaying protocol which increase as L is changed
from 1 to 2 time slots. Fig. 6(b) shows the performance com-
parison for R0 = 4 BPCU which shows that the conventional
DF protocol degrades significantly with respect to both concur-
rent DF relaying and direct transmission. This result highlights
the fact that concurrent DF achieves a higher multiplexing effi-
ciency [22] than the conventional DF protocol. The concurrent
protocol also provides an improved diversity gain, visible from
the steeper slope of the outage curve, when compared to direct
transmission. For L = 2, the concurrent protocol offers the best
performance at outage probability values below 0.1. Detailed
analyses of the performance tradeoffs for successive and concur-
rent DF relaying can be found in [7], [8], [13], [22]. In the next
section, we will discuss how relaying can be applied in configu-
rations where each terminal has multiple antennas, rather than a
single antenna.

V. APPLICATION OF RELAYING TO MIMO
CHANNELS

For multiple-antenna or MIMO relay networks in which ev-
ery terminal in the network is deployed with multiple anten-
nas, studies have mainly concentrated on spatial multiplexing
systems in terms of capacity or throughput analysis. Capacity
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(a) (b)
Fig. 6. Outage probabilities for direct transmission, the conventional DF protocol and the concurrent DF protocol using L = 1 and L = 2; part is (a)

for rate R0 = 1 BPCU and (b) for R0 = 4 BPCU.

Fig. 7. Basic system model of a MIMO two hop relay network.

bounds for single relay MIMO channels are presented in [26].
While this work is primarily focused on the theoretical per-
spective, some more practical results considering specific sig-
nal processing algorithms and achievable rates have also been
presented [27], [28].

A. System Model

A simple MIMO relay channel is shown in Fig. 7, in which
the source is equipped with Ns antennas, the relay is equipped
with Nr antennas and the destination is equipped with Nd

antennas. Unlike Section II we assume here that the direct link
is ignored due to shorter distance between the source and the
relays, relative to the destination. This simplifies the receiver
processing. However, note that when the direct link is strong,
direct transmission is usually the preferred choice especially for
a MIMO link. We shall now discuss MIMO relay configurations
using both AF and DF relays.

B. Conventional Relaying Modes

For DF relaying, the relay first uses all of its Nr antennas
to jointly decode the signals; it then demultiplexes the decoded
message to form Nr data streams and uses all Nr antennas to re-
encode and retransmit the data streams to the destination. The
overall S-D capacity is typically constrained by the worse capac-
ity of the S-R and R-D links. Since both of these links are likely
to be strong compared with the direct link, the system capacity

can be greatly improved. If the relay decodes the source trans-
mission incorrectly, the relay obviously cannot send the correct
information to the destination. However, if the transmission rate
is below the end-to-end S-D capacity, the error rate can be made
arbitrarily low by using powerful coding schemes such as low
density parity check codes.

One practical disadvantage for DF relaying is its high com-
plexity due to the multi-antenna transceiver structure, as ML de-
coding might be required at both the relay and the destination to
achieve the available link capacity. Suboptimal schemes, such
as SIC, can be used instead to reduce the receiver complexity.
Even still, the processing complexity of SIC increases at least
linearly with the number of transmit and receive antennas.

To overcome the relay processing complexity, AF relaying
can be used instead. The process is much simpler as decoding
or encoding is not required at the relay. However, one obvious
defect for AF relaying is that the relay amplifies the receiver
noise and thus causes a decrease in the SNR at the destination,
which can be significant especially when the number of anten-
nas at the relay is large (e.g., in the scenario where a fixed relay
with large antenna array size is used).

C. Filter-and-Forward Relaying for MIMO Terminals

Unlike the situation for single antenna systems, in MIMO
configurations the multiple propagation paths that exist between
the transmit and receive antennas can be exploited to improve



FAN et al. : HIGH CAPACITY RELAY PROTOCOLS FOR WIRELESS NETWORKS 203

the relay’s signal quality. We begin by discussing the AF relay-
ing (AFR) protocol for MIMO systems. In order to improve the
performance of AFR, the received signals at the relay antennas
can be jointly filtered before AFR is used. Several recent pa-
pers have studied the optimal filter that should be used in the
relay to maximize the end-to-end data capacity [27], [28], pro-
vided that R-D channel state information (CSI) is known to the
relay. Overall, the strategy for selecting the optimal filter fol-
lows two steps:
(a) Decomposing the MIMO relay channel into several orthog-

onal, parallel spatial channels to avoid co-channel inter-
ference between different transmit antennas. This can be
achieved by using the singular value decomposition to de-
compose the S-R and R-D channels into their constituent
eigenvalues and eigenvectors.

(b) Allocating the transmit power optimally across the antennas
at the relay (and the source, if the forward channel knowl-
edge is available at the source).

While step (b) is usually complicated to perform with no ap-
parent closed form solution, step (a) is simple to perform. It has
been proved [27], [28], [31] that the optimal filter depends on the
left singular vectors for the S-R channel and the right singular
vectors for the R-D channel. These vectors are scaled by con-
stants that determine the power allocation values across all the
antennas at the relay. This design allows the end-to-end MIMO
relay channel to be decomposed into several orthogonal, paral-
lel relay channels. This further allows the signal to interference-
plus-noise ratio (SINR) for each sub-channel to be optimized.
Thus filter-and-forward relaying (FFR) offers a significant per-
formance advantage compared with the AFR method in terms
of capacity, particularly when the number of relay antennas Nr

is higher than for the source Ns or destination Nd. The FFR
scheme also simplifies decoding at the destination, since the
orthogonal relay channels can easily be recovered by filtering.
This avoids using high complexity ML or SIC decoding at both
the relay and the destination.

FFR offers similar (sometimes even better [28]) performance
to MIMO DF relaying (DFR). In DFR, as the relay decodes the
data, it can demultiplex and remultiplex its received packets into
a different set of transmit signals for the R-D link, in order to
fully exploit the MIMO capacity available on that link.

Fig. 8 gives a simulation example taken from [27] in which
the source and the destination are both equipped with 2 anten-
nas and the relay is equipped with 8 antennas, on assuming the
R-D CSI is available at the relay. Here we use average capacity
(throughput), instead of outage probability, as a metric to mea-
sure the system performance. The average capacity is defined as
the system capacity when the value of the SINRs at the receiver
is available at the transmitter through certain feedback. Because
the main purpose to use MIMO spatial multiplexing relay struc-
ture is purely to increase spectral efficiency, i.e., transmission
rate. Therefore, we believe average throughput is a better metric
than outage probability, which is primarily for outage (diversity)
measure. In order to achieve a higher multiplexing rate, feed-
back (e.g., ARQ as one simplest example) is always needed in
order for the system to adjust its rate. In this respect, the average
capacity can be considered as the performance upper bound for
all such kind of feedback schemes. Scheme AFR denotes AFR;

Fig. 8. Average capacity of single MIMO relay channels as a function of
SNR when Ns = Nd = 2, and Nr = 8 (after [27]).

FFR with equal power allocation denotes the FFR with the same
power allocated to each parallel relay channel; Optimal FFR de-
notes the FFR with optimal power allocation at the relay; and
scheme DFR denotes DFR. It can be seen that FFR schemes
offer the similar performance to DFR, and significantly outper-
form AFR.

In terms of complexity, FFR is slightly more complicated than
AFR, as it has to decode a training sequence (or feedback) to ob-
tain the CSI at the relay, and needs a filter at the relay to refine
the message. However, FFR is much simpler than DFR, as it
avoids the need for a complicated ML/SIC decoding and encod-
ing process at the relay. Both AFR and FFR instead require the
use of ML/SIC decoding at the destination, a requirement which
DFR can avoid provided the relay-destination CSI is available to
the relay. The extension of the filter matrix design to consider
both the direct and relay links can be found in [28]. Some dis-
cussion on the scenario where no forward CSI is available at the
relay can be found in [27].

Hybrid ARQ schemes can be applied to the case of MIMO re-
lay networks in a similar way to that described in Section II. In
[27], the structure of the FFR algorithm lends itself to efficient
ARQ schemes, since different parts of the data are transmitted
on different orthogonal spatial channels. Only the data associ-
ated with those spatial channels where decoding was not pos-
sible need to be retransmitted [29], possibly using hybrid ARQ
techniques. In Fig. 7, the direct source-destination link was ne-
glected. However, [30] considers the case where data is trans-
mitted on the direct source-destination link. A cooperative relay
is only used to forward hybrid ARQ transmissions to the desti-
nation in case that decoding was not possible on the direct link.

VI. DISCUSSION

In order to put the different techniques into perspective and
understand their requirements, Table 1 compares various pro-
tocols that we have discussed in this paper. We have consid-
ered whether relays require CSI for the R-D link; whether
ML/SIC decoding is performed at the destination to mitigate
interference; whether the relay decodes and re-encodes pack-
ets and finally whether the relay needs to perform demultiplex-
ing/remultiplexing of data streams to optimize performance.
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Table 1. Comparison of complexity and CSI requirements for different relaying methods. ∗ denotes the fact that ML/SIC detection may need to be

performed at the relay rather than the destination.

Algorithm Forward CSI ML or SIC decoding Re-encoding Demux Section

OAF No No No No III
NAF No Yes No No III

BFNAF Yes No No No III
con DF No Yes Yes No IV

AFR No Yes No No V
FFR Yes Yes No No V
DFR Yes Yes∗ Yes Yes V

Table 1 clearly shows that the NAF, concurrent DF, AFR,
FFR, and DFR protocols require ML/SIC decoding at the desti-
nation to overcome interference generated by the protocol. The
BFNAF and DFR methods exploit forward R-D CSI in order
to optimize performance and avoid ML/SIC decoding at the re-
ceiver. The requirement for accurate CSI knowledge at the re-
lay, combined with the requirement for extra signal processing
to compute singular vectors in order to exploit this knowledge
means that the processing burden is shifted from the destination
to the relay. The concurrent DF and DFR methods are the only
DF protocols considered in this paper. Finally, the DFR method
is the only one that may require demultiplexing and remultiplex-
ing of the received data at the relay, in order to best exploit the
available data capacity on the R-D MIMO link.

In addition to the protocols discussed in this paper, there
are a number of other interesting new research directions. Re-
searchers are beginning to study compress-and-forward relaying
[10], which can be viewed as a generalization of amplify-and-
forward relaying. In this approach, source coding techniques are
used in the relay to reduce redundancy in the relay’s retransmit-
ted signal. Recent research has also reconsidered the full-duplex
multiplexing bound discussed in [10]. It turns out that it is some-
times possible to form a MIMO system using only a single an-
tenna source but with multiple antennas available at the relay
and the destination [25], [32]. This procedure works only at fi-
nite SNR values and depends on the S-R distance being much
less than the S-D distance. It also uses a different encoder in
the relay than at the source, similarly to the DDF protocol men-
tioned in Section III. There is also interest in how a single relay
can be shared among multiple sources communicating to one
destination (the multiple access relay channel or MARC) and in
this context AFR is potentially an attractive option to achieve
good performance [10], [33].

Simple wireless repeaters have been used for some time in
cellular networks, but relaying techniques are now finding their
way into wireless standards. IEEE 802.11 or WiFi systems sup-
port simple DF protocols in a peer-to-peer mode, but these
cannot be used with wireless access points to provide internet
connectivity. The IEEE 802.16 or WiMax standardization group
is currently studying relaying technology in working group J.
The International Telecommunications Union is currently work-
ing on defining new standards activities for future cellular wire-
less systems under the name IMT Advanced. It seems likely
that relays will be one important technology in these systems as
cellular operators strive to reduce network infrastructure costs
and energy consumption in their networks. The techniques de-

scribed in Sections III and IV, which introduce interference
between sources and relays seem most applicable in scenar-
ios when both have similar transmit power levels. This perhaps
makes them more suited for peer-to-peer networks and mobile-
to-base station communication links in cellular networks. The
MIMO techniques described in Section V could be applied to
enhance WiFi, WiMax, and long term evolution (LTE) systems,
since all of these standards will soon provide support for MIMO
links.

VII. CONCLUSION

In this paper, we have studied the performance benefits of re-
laying protocols. The conventional relaying techniques can im-
prove link reliability and extend coverage in wireless networks.
However, they tend only to be useful in low SNR conditions
because of the half duplex constraint. Our review began with
NAF and BFNAF protocols which can easily be applied in sin-
gle relay networks. Concurrent DF protocols use two relays to
receive/transmit in turn, thus overcoming the half-duplex lim-
itation. We have also surveyed AFR, DFR, and FFR protocols
which can be usefully employed in networks where all terminals
have multiple antennas. This survey shows that the techniques
described herein can be used profitably in a variety of different
scenarios to enhance the benefits of using relaying in wireless
networks.
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